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Abstract

:

Simple Summary


Understanding the changes that occur in proteins as they perform their cellular function is critical to understanding our biology. Here, we investigated PKA, a protein partially responsible for processing signals that allows cells to respond to their environment, as well as how the shape of this protein changes as it performs its role by chemically altering other proteins. We analyzed a repertoire of publicly available crystal structures of PKA and identified regions of PKA that change shape based on its physical interactions with its ligands, or other signaling proteins. Studies of these shape changes allow researchers to better explore PKA for making advances in improving existing pharmacological therapies and gaining a deeper understanding of disease biology.




Abstract


Cyclic-AMP-dependent protein kinase A (PKA) is a critical enzyme involved in various signaling pathways that plays a crucial role in regulating cellular processes including metabolism, gene transcription, cell proliferation, and differentiation. In this study, the mechanisms of allostery in PKA were investigated by analyzing the vast repertoire of crystal structures available in the RCSB database. From existing structures of murine and human PKA, we elucidated the conformational ensembles and protein dynamics that are altered in a ligand-dependent manner. Distance metrics to analyze conformations of the G-loop were proposed to delineate different states of PKA and were compared to existing structural metrics. Furthermore, ligand-dependent flexibility was investigated through normalized B′-factors to better understand the inherent dynamics in PKA. The presented study provides a contemporary approach to traditional methods in engaging the use of crystal structures for understanding protein dynamics. Importantly, our studies provide a deeper understanding into the conformational ensemble of PKA as the enzyme progresses through its catalytic cycle. These studies provide insights into kinase regulation that can be applied to both PKA individually and protein kinases as a class.
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1. Introduction


Protein kinases are a family of enzymes that assist in a multitude of signaling processes within cells, catalyzing protein phosphorylation to activate or inhibit cellular proteins [1]. These enzymes transfer the gamma-phosphate of ATP to target Ser/Thr/Tyr residues of proteins and alter their surface charges to affect their protein–protein interactions [2]. Most kinases function in signaling cascades that connect and amplify signaling from growth hormone receptors and neurotransmitters to bring changes in specific gene transcription and translation [3]. Modulation in kinase activity by deletion, mutations, gene amplification, or changes in regulation is linked to various inflammatory, neurological, cardiovascular, metabolic, and cancerous conditions [4]. Understandably, protein kinases continue to be important therapeutic targets for combating various human diseases [5].



The cyclic-AMP-dependent protein kinase A (PKA) was the first eukaryotic kinase to be identified and structurally explored [6,7]. PKA has therefore been used as a model for protein kinase research. Studies on PKA activation, allosteric regulation, and dynamic interaction with substrates continue to enhance our comprehension of protein kinase biochemistry and its associated cell signaling. As a signaling complex (or signalosome), PKA is a holoenzyme tetramer of two catalytic (C)-subunits (protein kinase component) and two regulatory (R)-subunits (cyclic nucleotide binding component) docked to membranes or organelles by anchoring proteins called AKAPs [6,8,9,10,11]. These respond to G-proteins and growth factor receptor activation and transmit the signal to downstream proteins. Briefly, hormone binding to growth factor receptors mediates the activation of adenylate cyclases that convert ATP to cAMP. Increased levels of cAMP bind the R-subunits on the PKA holoenzymes and disrupt them to release the C-subunits [8]. The free C-subunits phosphorylate substrate proteins in the cytosol, or travel to the nucleus by binding to interactors like PKI [12,13,14,15,16,17]. In the nucleus, the C-subunit phosphorylates transcription factors including CREB and alters the expression of target genes [18,19]. In this article, we utilized the expansive database of PKA C-subunit structures to analyze dynamic details and mechanistic properties of the conserved kinase domain. Our studies provide a fresh approach to analyzing protein crystal structures for dynamic information and curating molecular properties of kinases that can be leveraged for further investigations.



The PKA C-subunit (henceforth only PKA) includes the kinase core (residues 40–300) flanked by two tails: an N-terminal tail (residues 1–40) and a C-terminal tail (residues 300–350) (Figure 1A) [20,21,22]. The kinase core is a bi-lobal structure with the N-lobe and C-lobe, connected by a flexible hinge [6]. The kinase active site is at the cleft between the two lobes. The smaller N-lobe has a central b-sheet flanked by a mobile αC helix and contains the invariant K72 required for binding ATP and two divalent metal ions (Mg2+ or Mn2+) [23,24]. A conserved E91 from the αC helix makes an invariant salt bridge with K72. The larger C-lobe is mostly α-helical and contains two central αE and αF helices that form the most conserved region of the kinase core. The C-lobe contains the peptide-binding cleft to recruit incoming substrate Ser/Thr regions on proteins/peptides. Dynamic movements of the two lobes allow for the opening/closing of the kinase active site and access to ATP and substrates [25]. Crystal structures reveal three conformations: “open”, “closed”, or “intermediate” classified by the relative distance and orientation of the N- and C-lobes. Open conformations display an increased inter-lobe distance, whereas closed conformations have the lobes closer to one another [20,21,23,26].



Important catalytic modules of the kinase domain include a glycine rich loop (G-loop) connecting the β1- and β2-strands of the N-lobe. This loop facilitates ATP binding and positioning at the active site [27]. The loop contains a GxGxxG consensus motif where the second and third glycine positions flank a regulatory phosphorylation site in some kinases (S35 in PKA) [28,29]. The active site contains a HRD motif (residues Y164, R165, D166 in PKA) that harbors the catalytic D166 required for phosphotransfer [30,31]. While the HRD motif is named based on the sequence similarity of the broader kinase family, the AGC kinases, including PKA, in fact have a Y-substitution at the first position. Despite PKA having residues Y164, R165, and D166 in these positions, we refer to this motif as the HRD motif to ensure consistency with other kinase literature. A Mg2+-binding loop containing a DFG motif (residues D184, F185, and G187 in PKA) coordinates ATP/divalent ions at the active site. Two autophosphorylation sites at positions T197 (in the activation loop) and S338 (in the C-terminal tail) allow for maintaining the “active”, catalytically competent state [32,33]. Phosphorylation of the activation loop pT197 arranges the catalytic and magnesium-binding loops in a catalytically conforming orientation. This pT197 also engages with a pH-sensitive H87 at the N-terminus of the αC-helix to facilitate optimal substrate binding at the kinase active site [34]. C199 of the activation segment makes pT197 resistant to hydrolysis by protein phosphatases [35].



Activation and optimal catalysis by the kinase domain are dynamically linked to the assembly of two hydrophobic “spines” in the kinase core (Figure 1B) [36]. The regulatory (R)-spine includes residues from the catalytic and magnesium-binding loops and is representative of the activation of the kinase domain. The R-spine includes four residues: RS1 from the HRD motif (Y164), RS2 from the DFG motif (F185), RS3 at a conserved aliphatic residue from the αC-helix (L95), and RS4 from the β4-strand (L106). Proper alignment of the R-spine is a prerequisite for kinase activation. In the absence of activation cues, like in the R194A mutant that evades pT197 phosphorylation, the R-spine is disassembled and PKA is inactive. The second hydrophobic spine is called the catalytic (C)-spine as it is completed upon ATP binding to the kinase domain and represents the catalytically competent conformation of PKA [37]. This spine includes residues from the ATP-binding cleft that regulate opening–closing motions between the two kinase lobes as it passes through its catalytic cycle [38,39,40].



A typical PKA catalytic cycle works through a “linchpin” mechanism where the two divalent metal ions (usually Mg2+) balance electrostatic charges at the active site and facilitate ADP release (Figure 1C) [41]. Catalysis begins with PKA binding ATP bound to a single Mg2+ (M1) at the high-affinity site. This is followed by substrate binding and recruitment of another Mg2+ (M2) at the low-affinity site [42]. Several PKA residues (K168, E91, H87, K72, Y204) stabilize a catalytically competent ternary complex and synchronize ATP/2 Mg2+ with the substrate hydroxyl-side chains [23,38]. Phosphotransfer takes place via a transition state between the ATP and hydroxyl ions while utilizing D166 of PKA as the general acid, and D184 and N171 as the stabilizers [43]. Certain hybrid quantum mechanics/molecular mechanics calculations hint towards a catalytic role for M2 as a Lewis base, attacking the b-g bridging oxygen of ATP to facilitate phosphotransfer [43,44,45,46,47,48,49,50]. Following catalysis, the phosphorylated Ser/Thr peptide leaves the kinase active site. At the same time, the “linchpin” M2 also exits the kinase active site and creates a charge imbalance to promote ADP-release [41]. In the final step of the catalytic cycle, ADP bound to M1 exits the kinase site to facilitate the next turnover cycle. This last step of ADP-release is the rate-determining step in the catalytic cycle and accounts for PKA’s turnover (kcat) of 20 s−1 [51].



The regulation of PKA’s activity through protein dynamics and conformational changes has been a topic of much consideration. The most notable regulatory mechanisms concern two features: the DFG motif and αC helix. These undergo conformational changes that impact the catalytic activity of the kinase domain. The αC helix is able to undergo a variety of motions but can be described generally by two conformations: αC-in, defined by a conserved salt bridge between the β3 lysine and αC glutamate residues, and αC-out, defined by the absence of this salt bridge and the displacement of the αC helix [52,53]. The swinging-in and out motion of the αC helix is modulated by a pH-sensitive salt bridge between its N-terminus H87 residue and the pT197 phospho-site in the kinase activation segment [34]. The DFG motif has a more varied ensemble, being able to adopt a variety of conformations that can be well defined by the dihedral angles of the phenylalanine sidechain. These states consist of DFGin, the typical active conformation of kinases; DFGout, where the phenylalanine sidechain occupies the ATP binding pocket and the kinase is inactive; and DFGinter, a variety of conformations that lie between the two aforementioned states [54].



By examining C-subunits across different PKA structures, differences in key parts of the conformational ensemble can reveal the mechanisms behind protein kinase activity. To elucidate these subtle conformational changes, the C-subunit was evaluated across 115 structures to determine the different conformations across stages of PKA’s catalytic cycle. Distances in chosen residues were taken to determine how different residues, loops, spines, and helices across structures changed in open, closed, and intermediate states. Through this analysis of existing crystal structures, a deeper understanding of protein dynamics and flexibility is achieved, helping to display PKA residue integration and how the enzyme transitions between its distinct ligand-bound states.




2. Methods


2.1. Data Set Compilation and Pair-Wise Distance Analysis


Crystal structures of human and murine PKA were accessed from the RCSB PDB [55] and assigned a state based on the bound nucleotide/inhibitor. A complete list of structures analyzed is provided in the supplementary tables (Tables S1, S2, S5 and S6). Structures were grouped into apo (no nucleotide or peptide bound), peptide bound (only peptide bound), substrate/product (ATP/ADP with/without peptide bound), and inhibitor (non-hydrolysable AMP-PNP/other Type I-ATP competitive inhibitor with/without peptide bound) categories based on the ligand occupying the kinase active site. For structures with multiple PKA molecules in the asymmetric unit (AU), distances were measured for all molecules and included in the dataset as individual entries. Distances between residues were measured as the distance between the Cs of those residues, unless otherwise noted. Measurements were performed in PyMOL [56], and data were visualized/analyzed in matplotlib [57] and seaborn [58].




2.2. B′-Factor Analysis


The normalization of protein B-factors was performed as described elsewhere [59,60]. B-factors were acquired from structure files through Biopython [61]. For an atom i with multiple defined positions, the B-factor was defined as a function of the occupancy π of all alternate positions I.


  B   i   =  ∑  π   I   B ( i , I )    











Outliers were excluded from analysis through a median-based method, where the B-factor for atom B(i) was included based on the values of the median B-factor     B  ~    and the median absolute deviation MAD.
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An M(i) > 3.5 was used as the cutoff for exclusion of the value. Once outliers were excluded from the dataset, the normalized values B′(i) were calculated from the mean     B  ¯    and standard deviation σ.


   B ′    i   =   B   i   −   B  ¯    σ    











For a per-residue analysis, the normalized value for residue i with atoms a, varying between all-atom, backbone, and Cα depending on analysis, was weighted by the molecular weight M of the component atoms and residue as a whole.


   B ′    i   =   1   M ( i )    ∑  M   a    B ′  ( a )    











The per-residue B′-factors were used for further analysis. The per-residue mean and 95% confidence intervals were calculated in seaborn [58]. Principal component analysis (PCA) of the B′-factors was performed using scikit-learn [62]. For structures with multiple PKA molecules in the AU, only the first molecule in the structure was included in the PCA calculation, according to the chain names assigned by the PDB.





3. Results


3.1. Catalytic States of PKA


The catalytic cycle of PKA is comprised of a multiple step mechanism, containing numerous binding and dissociation events in addition to the phosphotransfer of the γ-phosphate from ATP to a substrate peptide (Figure 1C). These processes are associated with conformational changes, including both larger motions of the bi-lobal structure as well as subtle changes in loop conformations. To examine the dependence of kinase conformation on different types of ligands, we performed a structural analysis of the crystal structures of murine (n = 65) and human (n = 50) PKA, classifying the structures into four different states:




	
Substrate/product (n = 37): PKA bound to ATP or ADP, with or without a substrate peptide.



	
Inhibitor (n = 60): PKA bound to a small molecule that is unable to be used for phosphotransfer (e.g., AMP-PNP or Type-I inhibitors).



	
Apo (n = 15): PKA without a small molecule or peptide in the active site.



	
Peptide (n = 3): PKA without a small molecule in the active site and with a peptide bound.









3.2. Ligand-Induced Closing of the N- and C-Lobes


The open/closed conformations of PKA are directly correlated with the enzyme’s activity, as the lobes must be closer together in the “closed” conformation for efficient phosphotransfer. To investigate the role of substrates on this conformational change, we measured Cα-Cα distances of three residues: T51 and H87 on the N-lobe and A223 on the C-lobe (Figure 2A, Table 1). These residues specifically detail motions seen between the G-loop (T51), the aC helix (H87) on the N-lobe, and the buried/immobile aF helix (A223) on the C-lobe [23]. Comparing the four states of PKA investigated in this study, PKAapo displayed an increase in the mean distance between all three residues (Figure 2B, Table 1). Between the substrate/product- and inhibitor-bound states, the divergence was more subtle. The T51-A223 distance was where the difference between the two states was most apparent, in which the PKAinhibitor showed an increase in the mean distance of these two residues.



Plotting these distances together, the majority of different states of PKA clustered separately, with some overlap (Figure 2C, Table 1). Interestingly, some PKAapo structures displayed conformations more similar to the inhibitor-bound state. Furthermore, several PKAS/P structures grouped around a T51-A223 distance of ≈21Å, similar to the majority of PKAinhibitor structures, albeit with an increased T51-H87 distance. The minimum distance and first quartile of distance distribution of PKAapo matched the third quartile and maximum distances for the PKAS/P and PKAinhibitor states. These results indicate that the “closed” conformation was stabilized by ligand/substrate binding to the kinase active site while dynamics allowed the PKAapo to span both the open and close states. Surprisingly, while nucleotide-and-peptide binding is known to follow positive cooperative kinetics [25,38], the PKAPeptide structures showed similar “closed” conformations as seen in the ternary PKAS/P complexes. As the number of structures of the PKAPeptide state were limited for efficient statistical analysis, no conclusions could be drawn about the role of peptide alone on regulating the opening/closing dynamics of PKA.



In the present study, T51 was used to measure the interlobe distance instead of the previously used S53 residue [23] to deconvolute lobe opening/closing from inversions of the tip of the G-loop in certain inhibitor bound structures (Figure S1, Table S3). Using S53, H87 and A223 showed an increased number of outliers in the PKAinhibitor group due to engagement of F54 of the G-loop with the inhibitor in these structures. Taking the S53 metric provided data indicating PKAinhibitor group structures to span conformations that were “more closed” than the PKAS/P complexes and even more “open” than the PKAapo states. An inspection of these structures showed distortions in the G-loop that were unrelated to the conformation of the rest of the N-lobe.




3.3. PKA Preferred a DFGin Conformation


The orientation of the F185, one residue that comprises the DFG motif in kinases, has been identified as one metric to characterize the “activation” state of kinases [54]. This is defined as the distance between the Cζ of the phenylalanine in DFG, F185 in PKA, to the Cα of the catalytic lysine, K72, or the Cα of the residue at the +4 position of the αC helix’s glutamate residue, in this case L95 (Figure 3A, Table 2). Here, residues F185 and L95 are RS2 and RS3 residues of the R-spine that connect the kinase N- and C-lobes [36]. Distance measurements between Ca atoms of K72, L95, and Cζ of F185 provide a quantitative metric for the assembly of the R-spine and is reflective of the active state of the kinase structure [37].



In our analysis, nearly all of the analyzed structures fell into the definitions of DFGin, where the F185Cζ-K72Cα distance distribution centered around 15Å, and the F185Cζ-L95Cα distance distributed around ≈7Å51 (Figure 3B, Table 2). The distribution of structures across these three distances did not yield clearly clustered states, but there were trends that could be observed (Figure 3C, Table 2). PKAS/P tends to have a decreased F185Cζ-L95Cα distance but is not unique among states in that regard. The clearest separation present in this data set was the tendency of PKAapo to have a ≈1Å increase in the third distance, the Cα-Cα distance of K72 to L95, which clustered 8/11 of the PKAapo structures. Several of the PKAinhibitor structures approached the definition of DFGinter due to a decrease in the F185Cζ-K72Cα distance, but these were the few outliers in the distribution. Closer inspection of these outlier structures showed distortion in the N-lobe and active site cleft where the inhibitor bound hydrophobic residues to create an “less active” kinase conformation.



To further investigate the dynamics of the hydrophobic core of the kinase domain, we measured distances between the Ca atoms of V104 (core/shield [23] residue), K81 in the αB helix, and N113 in the b4-b5 loop (Figure S2, Table S4). PKAinhibitor structures showed outliers for the V104-K81 distance indicative of structures with distorted/twisted the N-lobes with the bound inhibitors. No distinction could be made between the PKAS/P and PKAapo groups, indicating that this region of the N-lobe showed concerted movement in the opening/closing dynamics of the kinase domain.




3.4. G-Loop Conformation Was Sensitive to Ligand Type


Another set of distances in this work investigated the conformations adopted by the G-loop as well as the C-tail of PKA. These residues included G52 of the G-loop, E127 of the catalytic spine residue, and D328 in the FDDY motif of the C-tail that contacts the adenine ring of ATP in the active site (Figure 4A, Table 3). As expected, several structures of PKAapo did not contain a resolved D328 residue, and these were excluded from this portion of the analysis.



The apo form of PKA features increased Cα-Cα distances for all three metrics, with the mean distance for D328-E127 displaying a ≈4 Å increase. This distance did not not display an increase between the substrate/product-, inhibitor-, or peptide-bound forms of PKA, indicating the role of ATP-binding in tethering the C-tail of PKA (Figure 4B, Table 3). However, the different conformations of the G-loop became apparent in a ligand-dependent manner. A small increase in the mean D328-G52 distance was seen between PKAS/P and the inhibitor- or peptide-bound forms. This was mirrored in the G52-E127 mean distance, showing that the G-loop conformation was similarly affected by either inhibitor binding or the lack of ADP/ATP when bound to a peptide.



Investigating the distributions of these distances in a state-dependent manner, the similarity of the G-loop’s conformation between the peptide- and inhibitor-bound PKA became more apparent (Figure 4C, Table 3). PKAapo showed divergence in these metrics, with structures appearing to distribute similarly to PKAinhibitor but also with a dramatically increased D328-E127 distance due to conformational changes of the C-tail. PKAS/P showed a split distribution, with one set of structures clustering independently, whereas others showed a G-loop conformation more similar to PKAinhibitor.



To further investigate the conformational changes of the G-loop, distance measurements for residues F54, on the G-loop; F154, on the αE helix; and L173, a C-spine residue, were collected (Figure 5A, Table 4). This set of measurements supported the trends seen for ligand-dependent conformational changes of the G-loop, wherein PKAS/P displayed a G-loop that was oriented more towards the active site of PKA.



This conformation was seen from the Cα-Cα distances of F54-L173 and F54-F154, sharing the trend of PKAS/P comprising the minimum mean distance (Figure 5B, Table 4). The structures for the PKAinhibitor and PKApeptide again displayed similar mean distances for these residue pairs. With some outliers, the Cα-Cα distance for residues L173 and F154 remained nearly constant between states, indicating a conformational heterogeneity of PKA’s C-lobe. The split populations of the PKAS/P G-loop were recapitulated when examining the distribution of structures across these three distances. One cluster of PKAS/P clustered independently and was almost homogeneous, whereas the second cluster occupied a conformation more similar to the PKAinhibitor structures (Figure 5C, Table 4).




3.5. B-Factor Variations Based on State


Through normalization of the B-factors of the included PKA crystal structures, the mean B′-factor and 95% confidence interval of the per-residue factors were calculated for the backbone atoms of each residue (Figure 6A). Interestingly, the B′-factors were strikingly similar between the different states of PKA. The most prominent difference between the Bʹ-factors was seen in the apo state, where the temperature factor was seen to increase in the αD helix and adjacent region. This phenomenon was also seen in analysis of the per-residue B′-factor using all heavy atoms or only Cα atoms (Figure S3).



PCA of the B′-factors allowed us to explore different PKA dynamics that were hidden in standard statistical analysis (Figure 6B). From the first three eigenvectors, the majority of the substrate/product-bound PKA formed an individual cluster, with the majority of structures occupying similar values along the first two eigenvectors. Inhibitor-bound PKA exhibited two populations along PC1, whereas the apo and peptide-bound forms showed a variety of values (with the exception of five apo PKA structures being distinguished along PC3). Determining the per-residue component of each eigenvector and mapping it to the structure yielded insights into state-specific temperature factor biases (Figure 6C). In PC1, in which a dual distribution exists for PKAinhibitor and a single peak exists for PKAS/P, the stability of the protein decreased in the G-loop, as well as the flanking β1-β2 sheets, and the αC helix. Conversely, PC2 displayed an increased stability of the β1-G-loop-β2 feature. PC3 contains another increased motion of β1/β2 but had a unique decrease in stability of the αD helix similar to the PKAapo state shown in Figure 6A.




3.6. PKA Mutants Changed Conformational Preference


The structural data set of PKA used in this study included several mutant forms of the kinase, including mutations R194A (PDB ID: 4DFY) [32], Y204A (PDB ID: 1RDQ) [20], E208A (PDB ID: 3QAM) [63], E230Q (PDB ID: 1SYK) [64], R280A (PDB ID: 3QAL) [63], F327A/K285P (PDB ID: 2QUR) [65], and R336A (PDB ID: 4DG3) (unpublished) (Figure 7A, Table 5). These mutations were spread between the N- and C-lobes of PKA and consisted of four mutants in the substrate/product bound form, two mutants in the apo form, and one mutant in the inhibitor bound form.



Examining the effects of these mutations on the structure of PKA rationalizes their effects on the enzymatic activity of the kinase. Determining where these mutants fall on the probability distributions of the F54-L173 and F54-F154 measurements shows that mutations can induce PKA to adopt a state different than the typical ligand-dependent conformation (Figure 7B). In PKAR336A, an inhibitor-bound structure, the F54-L173 distance diverged from the peak density for that state and instead adopted the peak density conformation for the substrate/product bound state. Conversely, the PKAF327A/K285P mutant showed the opposite effect: the F54-L173 distance for this mutant was more in line with the inhibitor probability distribution, as well as occupying the peak probability density conformation for the F54-F154 distance.



The B′-factors of the substrate/product state mutants R280A and F327A/K285P showed opposite effects on the temperature factor of specific regions of PKA. Both mutations showed perturbations to the B′-factor of the G-loop, located between the β1 and β2 sheets, but their effects were converse (Figure 7C). In PKAF327A/K285P, the G-loop showed an increased Bʹ-factor compared to the normalized mean, indicating a decrease in stability of this crucial active site loop. In PKAR280A, the mutation decreased the Bʹ-factor of this loop, showing an increase in stability compared to the normalized mean. Furthermore, the loop bridging the secondary structures β5 and αD showed an increase in B′-factor in PKAF327A/K285P, which is a region involved in binding the adenosine ring of ATP.



The apo PKA mutants R194A and E230Q displayed similar variance in their Bʹ-factor values of the G-loop. PKAE230A showed a dramatic increase in the B′-factor compared to the mean normalized value, whereas PKAR194A showed a decrease (Figure 7C). Additionally, the location of PKAR194A in the distribution of the first three eigenvectors of the PCA indicated it is more similar to inhibitor-bound structures of PKA, despite it being in an unbound state (Figure 7D). This is in agreement with the PKAR194A being an inactivating mutation.





4. Discussion


The current work presents a study of collated PKA structures to extract dynamic information based on different sets of distance triplets, defining subtle conformational changes induced by different stages in the catalytic cycle of the enzyme. The presented work adds to and advances the substantial research into defining active conformations of kinases as a class [66,67,68,69]. In addition to defined conformations of the DFG motif and the αC helix, we posit the G-loop as a further metric to define kinase activity where other metrics may not discern different states, as shown in our analysis of the DFG motif conformation (Figure 3). Particularly, a change in the conformation of the G-loop, important for ATP binding, was seen to change based on substrate/product or inhibitor binding, or in the absence of a ligand. This conformational change consisted of the tip of the G-loop, residues G52 and F54, shifting deeper into the ATP binding pocket (Figure 4 and Figure 5). In PKAS/P, these distances were at their respective minimums, with slight increases in the presence of an inhibitor. PKAapo showed a drastic increase in these values, as well as greater variation in their distributions. Due to the conservation of the G-loop as well as its nature as a potential PTM site [28], this ligand-dependent conformational change is evidence for regulating the substrate specificity of kinases as a class.



The utility of B′-factor analysis in determining kinase conformation and state is shown in this study, albeit with limitations (Figure 6). The overall similarity of the B′-factors between states makes the metric a poor measurement of kinase activity. However, PCA of the B′-factors yielded individual components that separated different states of PKA. This shows the presence of state-specific B′-factors that can be used to further analysis kinase structures, but confounding factors from experimental details such as lattice disorder, crystal packing effects, and structure refinement technique impart substantial drawbacks on this analysis as a standalone metric [70]. With these caveats in mind, this analysis, or similar feature-extraction methods, can be a powerful tool to investigate kinase conformational ensembles.



Limitations of the presented study stem from the nature of the dataset and analysis performed. The dataset could certainly be expanded to include PKA from other species to increase the sample size, and further classification beyond four states could be performed to provide a finer-grained analysis of the structural ensemble of PKA. Additionally, future work should look to perform a more systematic analysis of pairwise distances to build upon the identified metrics presented here.




5. Conclusions


Through the analysis of PKA conformations based on several sets of distance triplets, we identified minute structural changes that show ligand dependency. The G-loop of PKA was shown to be particularly sensitive to ligand type and can be used as a basis for development of improved pharmacologic inhibitors of PKA. Overall, the present work further defines the conformational ensemble of PKA in a cellular environment, building on substantial work to elucidate the molecular mechanisms of kinase activity and regulation.
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Figure 1. (A) Top, structure of PKA (PDB ID: 1ATP) and secondary structure features. Structure is colored by region: N-tail (cyan), N-lobe (salmon), C-lobe (gray), C-tail (purple). Bottom, domain architecture of PKA. Phosphorylation sites are noted as red circles. (B) Location of hydrophobic spine residues on the structure of PKA (PDB ID: 1ATP). Catalytic (C)-spine (cyan), regulatory (R)-spine (salmon). (C) Catalytic cycle of PKA. Defined states in this study are highlighted in color: Substrate/product (PKAS/P) (orange), inhibitor (PKAinhibitor) (purple), apo (PKAapo) (green), peptide only (PKApeptide) (blue). 
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Figure 2. (A) Analyzed distances on the structure of PKA (PDB ID: 1ATP) with secondary structure locations colored: G-loop (blue), αC helix (pink), αF helix (turquoise). (B) Box-and-whisker plots of Cα-Cα distances. Top, T51-A223. Middle, T51-H87. Bottom, H87-A223. (C) Three-dimensional scatterplot of distances. Left, zoomed plot showing main clustering of points. Bottom right, full plot including outliers. The transparency of points indicates their depth on the plot for visualization purposes. 
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Figure 3. (A) Analyzed distances on the structure of PKA (PDB ID: 1ATP) with structural locations colored: β3 strand (blue), DFG motif (pink), R-spine (turquoise). (B) Box-and-whisker plots of distances. Top, K72Cα-F185Cζ. Middle, F185Cζ-L95Cα. Bottom, K72Cα-L95Cα (C) Three-dimensional scatterplot of distances. Left, zoomed plot showing main clustering of points. Bottom right, full plot including outliers. The transparency of points indicates their depth on the plot for visualization purposes. 
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Figure 4. (A) Analyzed distances on the structure of PKA (PDB ID: 1ATP) with structural locations colored: G-loop (blue), FDDY motif (pink), C-spine (turquoise). (B) Box-and-whisker plots of Cα-Cα distances. Top, D328-E127. Middle, D328-G52. Bottom, G52-E127. (C) Three-dimensional scatterplot of distances. Left, zoomed plot showing main clustering of points. Bottom right, full plot including outliers. The transparency of points indicates their depth on the plot for visualization purposes. 
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Figure 5. (A) Analyzed distances on the structure of PKA (PDB ID: 1ATP) with secondary structure locations colored: G-loop (blue), αE helix (pink), C-spine (turquoise). (B) Box-and-whisker plots of Cα-Cα distances. Top, F54-L173. Middle, F54-F154. Bottom, L173-F154. (C) Three-dimensional scatterplot of distances. Left, zoomed plot showing main clustering of points. Bottom right, full plot including outliers. The transparency of points indicates their depth on the plot for visualization purposes. 
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Figure 6. (A) Per-residue B′-factors of backbone atoms Cα, N, C, and CO. Line indicates mean value, shadow indicates 95% confidence interval. Secondary structure of PKA is indicated above. (B) Three-dimensional scatterplot of each structure’s location on the first three PCs. (C) First three PCs mapped to the structure of PKA (PDB ID: 1ATP) in a B-factor putty representation. Increasing width and color progression from blue to red indicates increasing B′-factor. Peptide, ATP, and Mg2+ ions are shown in gray and do not have associated B′-factor values. 
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Figure 7. (A) Structural location, mutation, and PDB ID of PKA mutants included in the dataset on the structure of PKA (PDB ID: 1ATP). Color of the sphere indicates mutant state as defined in this study: substrate/product (orange), inhibitor (purple), apo (green). (B) Values for R336A (purple dashed line) and F327A (orange dashed line) compared to the kernel density estimation for the distance distributions of F54-L173 (top) and F54-F154 (bottom). (C) Backbone B′-factor values for different mutants in the substrate/product (top) or apo (bottom) states. Means and 95% confidence intervals for the entire per-state dataset are shown as black lines and gray shadows, respectively. (D) PKA mutant values for the first three PCs of the B′-factor PCA. Specific mutant values are indicated on the plot. 
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Table 1. Measurement 1: Opening and closing dynamics of the kinase catalytic domain.
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Distance (Å)

	
T51 (Ca) to A223 (Ca)

	
T51 (Ca) to H87 (Ca)

	
H87 (Ca) to A223 (Ca)






	
Substrate/Product




	
Average

	
19.72

	
14.62

	
19.48




	
Median

	
19.00

	
14.60

	
19.40




	
Std Dev

	
1.48

	
0.34

	
0.34




	
N

	
37.00

	
37.00

	
37.00




	
Min Value

	
18.30

	
14.10

	
18.60




	
1st Quartile

	
18.80

	
14.40

	
19.40




	
2nd Quartile

	
19.00

	
14.60

	
19.40




	
3rd Quartile

	
20.90

	
14.80

	
19.60




	
Max Value

	
23.80

	
15.90

	
20.90




	
Inhibitor




	
Average

	
21.24

	
14.54

	
19.76




	
Median

	
20.85

	
14.40

	
19.50




	
Std Dev

	
1.52

	
0.69

	
0.76




	
N

	
60.00

	
60.00

	
60.00




	
Min Value

	
17.30

	
13.10

	
18.80




	
1st Quartile

	
20.50

	
14.10

	
19.40




	
2nd Quartile

	
20.85

	
14.40

	
19.50




	
3rd Quartile

	
22.03

	
14.80

	
19.73




	
Max Value

	
25.00

	
16.40

	
22.80




	
Apo




	
Average

	
25.15

	
15.59

	
21.31




	
Median

	
25.30

	
15.40

	
21.00




	
Std Dev

	
2.69

	
1.32

	
1.83




	
N

	
15.00

	
15.00

	
15.00




	
Min Value

	
20.70

	
14.30

	
19.50




	
1st Quartile

	
24.20

	
14.55

	
20.15




	
2nd Quartile

	
25.30

	
15.40

	
21.00




	
3rd Quartile

	
26.75

	
16.45

	
21.60




	
Max Value

	
29.20

	
17.90

	
25.40




	
Peptide




	
Average

	
20.23

	
14.40

	
19.53




	
Median

	
19.80

	
14.40

	
19.50




	
Std Dev

	
1.21

	
0.10

	
0.06




	
N

	
3.00

	
3.00

	
3.00




	
Min Value

	
19.30

	
14.30

	
19.50




	
1st Quartile

	
19.55

	
14.35

	
19.50




	
2nd Quartile

	
19.80

	
14.40

	
19.50




	
3rd Quartile

	
20.70

	
14.45

	
19.55




	
Max Value

	
21.60

	
14.50

	
19.60











 





Table 2. Measurement 2: R-spine assembly in the kinase domain.






Table 2. Measurement 2: R-spine assembly in the kinase domain.





	
Distance (Å)

	
K72 (Ca) to F185 (Cz)

	
F185 (Cz) to L95 (Ca)

	
K72 (Ca) to L95 (Ca)






	
Substrate/Product




	
Average

	
14.45

	
5.88

	
12.51




	
Median

	
14.40

	
5.80

	
12.50




	
Std Dev

	
0.27

	
0.29

	
0.19




	
N

	
37.00

	
37.00

	
37.00




	
Min Value

	
14.00

	
5.40

	
11.80




	
1st Quartile

	
14.30

	
5.70

	
12.40




	
2nd Quartile

	
14.40

	
5.80

	
12.50




	
3rd Quartile

	
14.60

	
6.10

	
12.60




	
Max Value

	
15.30

	
6.60

	
13.00




	
Inhibitor




	
Average

	
14.12

	
6.16

	
12.62




	
Median

	
14.30

	
6.10

	
12.55




	
Std Dev

	
0.82

	
0.63

	
0.32




	
N

	
60.00

	
60.00

	
60.00




	
Min Value

	
11.10

	
4.60

	
12.10




	
1st Quartile

	
14.00

	
5.70

	
12.40




	
2nd Quartile

	
14.30

	
6.10

	
12.55




	
3rd Quartile

	
14.60

	
6.40

	
12.70




	
Max Value

	
15.00

	
7.80

	
13.90




	
Apo




	
Average

	
14.91

	
6.81

	
13.14




	
Median

	
14.80

	
6.70

	
13.30




	
Std Dev

	
0.83

	
0.53

	
0.46




	
N

	
13.00

	
13.00

	
15.00




	
Min Value

	
13.40

	
6.00

	
12.40




	
1st Quartile

	
14.40

	
6.40

	
12.85




	
2nd Quartile

	
14.80

	
6.70

	
13.30




	
3rd Quartile

	
15.30

	
7.30

	
13.50




	
Max Value

	
16.20

	
7.60

	
13.60




	
Peptide




	
Average

	
14.57

	
6.57

	
12.47




	
Median

	
14.50

	
6.40

	
12.40




	
Std Dev

	
0.21

	
0.38

	
0.12




	
N

	
3.00

	
3.00

	
3.00




	
Min Value

	
14.40

	
6.30

	
12.40




	
1st Quartile

	
14.45

	
6.35

	
12.40




	
2nd Quartile

	
14.50

	
6.40

	
12.40




	
3rd Quartile

	
14.65

	
6.70

	
12.50




	
Max Value

	
14.80

	
7.00

	
12.60











 





Table 3. Measurement 3: C-tail and G-loop dynamics.






Table 3. Measurement 3: C-tail and G-loop dynamics.





	
Distance (Å)

	
D328 (Ca) to E127 (Ca)

	
D328 (Ca) to G52 (Ca)

	
G52 (Ca) to E127 (Ca)






	
Substrate/Product




	
Average

	
9.95

	
13.44

	
13.12




	
Median

	
9.60

	
13.40

	
12.90




	
Std Dev

	
1.52

	
0.61

	
0.91




	
N

	
37.00

	
37.00

	
37.00




	
Min Value

	
9.30

	
12.50

	
11.70




	
1st Quartile

	
9.50

	
13.10

	
12.60




	
2nd Quartile

	
9.60

	
13.40

	
12.90




	
3rd Quartile

	
9.60

	
13.60

	
13.20




	
Max Value

	
17.40

	
16.40

	
16.10




	
Inhibitor




	
Average

	
9.87

	
13.80

	
14.55




	
Median

	
9.70

	
13.80

	
14.55




	
Std Dev

	
0.81

	
0.50

	
0.80




	
N

	
58.00

	
58.00

	
58.00




	
Min Value

	
7.50

	
12.90

	
12.00




	
1st Quartile

	
9.50

	
13.50

	
14.20




	
2nd Quartile

	
9.70

	
13.80

	
14.55




	
3rd Quartile

	
9.90

	
14.00

	
15.10




	
Max Value

	
13.30

	
15.00

	
16.50




	
Apo




	
Average

	
15.00

	
15.33

	
16.70




	
Median

	
13.85

	
14.50

	
16.10




	
Std Dev

	
6.08

	
2.00

	
2.13




	
N

	
6.00

	
6.00

	
9.00




	
Min Value

	
9.70

	
13.70

	
14.20




	
1st Quartile

	
9.73

	
14.13

	
15.20




	
2nd Quartile

	
13.85

	
14.50

	
16.10




	
3rd Quartile

	
18.88

	
15.85

	
16.80




	
Max Value

	
23.70

	
19.00

	
20.20




	
Peptide




	
Average

	
9.67

	
13.70

	
14.17




	
Median

	
9.70

	
13.50

	
13.70




	
Std Dev

	
0.25

	
0.53

	
1.36




	
N

	
3.00

	
3.00

	
3.00




	
Min Value

	
9.40

	
13.30

	
13.10




	
1st Quartile

	
9.55

	
13.40

	
13.40




	
2nd Quartile

	
9.70

	
13.50

	
13.70




	
3rd Quartile

	
9.80

	
13.90

	
14.70




	
Max Value

	
9.90

	
14.30

	
15.70











 





Table 4. Measurement 4: C-spine and G-loop dynamics.






Table 4. Measurement 4: C-spine and G-loop dynamics.





	
Distance (Å)

	
F54 (Ca) to L173 (Ca)

	
F54 (Ca) to F154 (Ca)

	
L173 (Ca) to F154 (Ca)






	
Substrate/Product




	
Average

	
18.99

	
24.92

	
15.98




	
Median

	
19.20

	
25.30

	
16.00




	
Std Dev

	
0.98

	
1.23

	
0.21




	
N

	
33.00

	
33.00

	
33.00




	
Min Value

	
16.00

	
23.30

	
15.00




	
1st Quartile

	
18.20

	
23.60

	
16.00




	
2nd Quartile

	
19.20

	
25.30

	
16.00




	
3rd Quartile

	
19.70

	
25.90

	
16.10




	
Max Value

	
20.60

	
27.20

	
16.20




	
Inhibitor




	
Average

	
20.08

	
25.94

	
15.94




	
Median

	
20.30

	
26.25

	
16.00




	
Std Dev

	
1.70

	
2.07

	
0.55




	
N

	
60.00

	
60.00

	
60.00




	
Min Value

	
16.20

	
15.80

	
12.90




	
1st Quartile

	
19.70

	
25.78

	
16.00




	
2nd Quartile

	
20.30

	
26.25

	
16.00




	
3rd Quartile

	
20.70

	
26.75

	
16.10




	
Max Value

	
26.00

	
29.70

	
16.30




	
Apo




	
Average

	
20.12

	
24.48

	
15.14




	
Median

	
20.90

	
28.00

	
15.90




	
Std Dev

	
2.33

	
7.99

	
1.35




	
N

	
13.00

	
13.00

	
15.00




	
Min Value

	
15.30

	
6.60

	
13.00




	
1st Quartile

	
20.10

	
26.60

	
13.60




	
2nd Quartile

	
20.90

	
28.00

	
15.90




	
3rd Quartile

	
21.50

	
28.10

	
16.10




	
Max Value

	
22.50

	
29.00

	
16.40




	
Peptide




	
Average

	
20.10

	
25.60

	
20.10




	
Median

	
19.60

	
25.00

	
19.60




	
Std Dev

	
1.14

	
1.31

	
1.14




	
N

	
3.00

	
3.00

	
3.00




	
Min Value

	
19.30

	
24.70

	
19.30




	
1st Quartile

	
19.45

	
24.85

	
19.45




	
2nd Quartile

	
19.60

	
25.00

	
19.60




	
3rd Quartile

	
20.50

	
26.05

	
20.50




	
Max Value

	
21.40

	
27.10

	
21.40











 





Table 5. Distance measurements as seen in mutant structures.






Table 5. Distance measurements as seen in mutant structures.





	
PDB

	
4DG3

	
3QAM

	
3QAL

	
2QUR

	
1RDQ

	
4DFY

	
4DFY

	
1SYK

	
1SYK






	
Chain ID

	
A

	
E

	
E

	
A

	
E

	
A

	
B

	
A

	
B




	
Mutants

	
R336A

	
E208A

	
R280A

	
F327A

	
Y204A

	
R194A

	
R194A

	
E230A

	
E230A




	
Distance (Å)

	
INHIBITOR

	
SUBSTRATE/PRODUCT

	
APO




	
T51 to A223

	
18.9

	
19

	
18.8

	
22.6

	
18.5

	
27.4

	
27.4

	
29.2

	
29.2




	
T51 to H87

	
14.6

	
14.6

	
14.7

	
15.9

	
14.8

	
17.9

	
17.9

	
17.2

	
17.2




	
H87 to A223

	
19.5

	
19.3

	
19.4

	
19.7

	
19.3

	
25.4

	
25.4

	
20.7

	
20.7




	
D328 to E127

	
9.4

	
9.4

	
9.6

	
12.2

	
9.4

	
-

	
-

	
17.9

	
-




	
D328 to G52

	
13.3

	
12.9

	
13.1

	
14

	
12.9

	
-

	
-

	
16.2

	
-




	
G52 to E127

	
12.7

	
13.1

	
12.7

	
16.1

	
12.1

	
20.2

	
20.2

	
16

	
16.1




	
K72 to F185

	
14.4

	
14.2

	
14.4

	
14.6

	
14.5

	
-

	
-

	
15.3

	
15.3




	
F185 to L95

	
6.0

	
5.6

	
5.6

	
6.6

	
5.7

	
-

	
-

	
6.6

	
6.6




	
K72 to L95

	
12.6

	
12.4

	
12.6

	
12.7

	
12.5

	
13

	
13

	
13.6

	
13.6




	
F54 to L173

	
18.5

	
18.2

	
18.1

	
20.9

	
17.8

	
24.2

	
24.3

	
20.3

	
20.3




	
F54 to F154

	
27.1

	
23.6

	
23.6

	
26.4

	
23.4

	
29

	
29.3

	
28.2

	
28.2




	
L173 to F154

	
16.2

	
16

	
16

	
15.7

	
16

	
16

	
16.1

	
15.9

	
16




	
S53 to A223

	
19.5

	
19.5

	
19.2

	
23.5

	
18.7

	
28.1

	
27.9

	
28

	
28




	
S53 to H87

	
13.1

	
13.5

	
13.1

	
14.9

	
13.1

	
13.4

	
13.4

	
14.5

	
14.5




	
H87 to A223

	
19.5

	
19.3

	
19.4

	
19.7

	
19.3

	
25.4

	
25.4

	
20.7

	
20.7




	
K81 to V104

	
27.5

	
27.2

	
27

	
27.4

	
26.9

	
28.8

	
28.8

	
26.5

	
26.5




	
K81 to N113

	
16.6

	
16.4

	
16.5

	
16.4

	
16.4

	
16.4

	
16.5

	
16.3

	
16.3




	
N113 to V104

	
26.5

	
26.4

	
26.4

	
26.5

	
21

	
27.2

	
27.2

	
26.3

	
26.3
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